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Correspondence to R H L Haeren; roel.haeren@mumc.nl ABSTRACT Introduction: Adequate functioning of the blood-brain barrier (BBB) is important for brain homoeostasis and normal neuronal function. Disruption of the BBB has been described in several neurological diseases. Recent reports suggest that an increased permeability of the BBB also contributes to increased seizure susceptibility in patients with epilepsy. The endothelial glycocalyx is coating the luminal side of the endothelium and can be considered as the first barrier of the BBB. We hypothesise that an altered glycocalyx thickness plays a role in the aetiology of temporal lobe epilepsy (TLE), the most common type of epilepsy. Here, we propose a protocol that allows intraoperative assessment of the cerebrovascular glycocalyx thickness in patients with TLE and assess whether its thickness is decreased in patients with TLE when compared with controls.
Methods and analysis:
This protocol is designed as a prospective observational case-control study in patients who undergo resective brain surgery as treatment for TLE. Control subjects are patients without a history of epileptic seizures, who undergo a craniotomy or burr hole surgery for other indications. Intraoperative glycocalyx thickness measurements of sublingual, cortical and hippocampal microcirculation are performed by video microscopy using sidestream dark-field imaging. Demographic details, seizure characteristics, epilepsy risk factors, intraoperative haemodynamic parameters and histopathological evaluation are additionally recorded.
Ethics and dissemination: This protocol has been
ethically approved by the local medical ethical committee (ID: NL51594.068.14) and complies with the Declaration of Helsinki and principles of Good Clinical Practice. Informed consent is obtained before study enrolment and only coded data will be stored in a secured database, enabling an audit trail. Results will be submitted to international peer-reviewed journals and presented at international conferences.
INTRODUCTION
With a prevalence of 4-10 per 1000, epilepsy is one of the most common neurological disorders. 1 The most frequent type of focal epilepsy is temporal lobe epilepsy (TLE). Although most patients have adequate seizure control by using antiepileptic drugs, it is estimated that 22.5-30% of patients are drug-resistant. 2 3 This implies that worldwide about 13 million patients suffer from drug-refractory epilepsy, which has a major impact, both medically and socioeconomically. 3 4 The development of new antiepileptic drugs has hardly reduced the number of drug-resistant patients, and therefore several different treatment alternatives have been explored over the past 25 years. Epilepsy surgery has been demonstrated to be a successful treatment alternative in selected patients. Furthermore, discovery of new drugs, targeted at specific underlying pathophysiologic mechanisms, keeps holding a promise for improved treatment of drug-resistant patients with epilepsy.
In this regard, important discoveries on microvasculature abnormalities in patients with TLE have been reported, such as loss of blood-brain barrier (BBB) integrity. [5] [6] [7] A BBB opening induces extravasation of proteins, like albumin, which in turn activates transforming growth factor β (TGFβ) signalling in astrocytes, leading to astrocytic transformation. 7 8 This transformation is characterised by downregulation of inward rectifier potassium channels and astrocytic glutamate transporters, leading to impaired cerebral homoeostasis, altered neurovascular coupling, enhanced neuronal excitability and upregulation of proinflammatory cytokines. 8 9 Moreover, leucocyte extravasation due to increased BBB permeability contributes to neuronal excitability and reorganisation of local neuronal networks. 9 Thus, loss of BBB integrity results in increased seizure susceptibility and contributes to epileptogenesis.
The barrier function of the BBB is mainly determined by the endothelium. Endothelial cells are interconnected by tight junctions and adherent junctions to prevent paracellular diffusion. 10 As a consequence, the endothelium forms a continuous cell membrane layer along the cerebral capillaries. Solutes and nutrients are transported by transport proteins expressed on the endothelial cells. 10 11 Endothelial cells thus restrict and actively control the passage of substances from the blood to the brain in order to tightly regulate cerebral homoeostasis. The pericytes and astrocyte foot processes form a complex network surrounding the endothelial cells to induce and maintain endothelial barrier properties. As was recently pointed out, the endothelial glycocalyx could be a significant determinant of the BBB function as well. 12 The endothelial glycocalyx, further referred to as 'glycocalyx', is a gel-like layer lining the luminal surface of the endothelium. It has important barrier properties that reduce the interaction between endothelial cells and plasma cells and components. As a consequence, the glycocalyx limits leucocyte adhesion and protein extravasation. [13] [14] [15] [16] The glycocalyx is a vulnerable layer that is easily disrupted, resulting in a reduced thickness. 17 As part of the BBB, a disrupted glycocalyx would result in increased BBB permeability and propagate leucocyte adhesion and extravasation. A number of laboratory and clinical studies have shown that both increased BBB permeability and leucocyte adhesion/extravasation play a role in epilepsy. 7-9 18 Until now, no data are available on glycocalyx thickness in epilepsy. The cerebrovascular glycocalyx has only been evaluated preclinically. [19] [20] [21] [22] None of these studies have analysed glycocalyx thickness in relation to neurological diseases. However, glycocalyx thickness can be assessed non-invasively as part of microcirculation imaging using sidestream dark-field (SDF) imaging. 12 Until now, this technique has mainly been performed to assess the sublingual microcirculation.
Our hypothesis is that the cerebrovascular glycocalyx can be visualised clinically using SDF imaging, and that drug-resistant patients with TLE have a decreased cerebrovascular glycocalyx thickness in comparison to controls. In this paper, we present the study protocol according to the STROBE guidelines for case-control studies and SPIRIT protocol guidelines. 23 24 The primary objective of this case-control study is to visualise the cerebrovascular glycocalyx using SDF imaging in patients with TLE and control patients during brain surgery. Moreover, an eventual correlation between the cerebrovascular and sublingual glycocalyx dimensions is assessed.
METHODS

Study setting and population
This is a multicentre prospective observational casecontrol study that involves assessment of the sublingual, cortical and hippocampal glycocalyx. In conjunction, data are recorded regarding the patients' medical history, current physiology and cerebral pathology. Assessments take place during brain surgery, which is performed by the Department of Neurosurgery of both the Maastricht University Medical Center+ (MUMC+) and the Zuyderland Medical Center (ZMC), respectively located in Maastricht and Heerlen, The Netherlands.
Patients with unilateral drug-resistant TLE who are designated for resective brain surgery, that is, anterior temporal lobectomy and/or amygdalohippocampectomy, are possible study candidates. The diagnosis of unilateral TLE is based on thorough examination including a video-EEG, high-resolution MRI, neuropsychological examination and, when indicated, a positron emission tomography scan and/or single-photon emission CT scan, functional MRI and eventually subdural or depth (stereo-EEG) electrode implantation. Subsequently, eligibility for resective surgery is assessed by a multidisciplinary team, consisting of neurologists, clinical neurophysiologists, neuropsychologists, neuroradiologists and neurosurgeons.
The control group includes patients without a history of epileptic seizures and those who will undergo a craniotomy for intracranial tumour resection or neurovascular indications, such as aneurysm clipping and arteriovenous malformation resection, or those who will undergo burr hole surgery for tumour biopsy.
We have included an upper age limit of 60 years to avoid 'background' microvascular disease which is strongly age-related. Since patients with tumours are generally already older, on average, than epilepsy patients, age could otherwise have been an important confounder. Control patients with vascular pathology, such as aneurysms and arteriovenous malformation, are not known to have microcirculatory pathology. Moreover, cortical measurements are performed at the furthest distance away of the vascular or oncological as allowed by the craniotomy. This could, by example, be the superior temporal gyrus in a patient with an anterior cerebral artery aneurysm or an inner ridge meningioma. Cortical measurements in the oncological control patients will also be performed at the furthest distance away from the abnormality as possible, as allowed by the craniotomy.
Eligibility criteria
Inclusion criteria are: mentally competent adults between 18 and 60 years of age who will undergo resective surgery for unilateral drug-resistant TLE, or for a tumour or vascular abnormality, or burr hole surgery for tumour biopsy (table 1) . Exclusion from this study occurs in case of pregnancy, history of established hypertension, diabetes mellitus, hyperlipidaemia, stroke or other cardiovascular disease, use of cardiovascular medication, or nonsymptomatic signs of cerebral small vessel disease on brain MRI. Additionally, control patients in whom no 'normal', 'non-compressed' and/or 'non-edematous' cerebral cortex can be assessed during surgery or in whom a history of seizures is reported are excluded.
Intervention protocol
The glycocalyx thickness is assessed intraoperatively at the following time points: (1) a sublingual measurement (M1) directly following the induction of general anaesthesia, (2) a cortical measurement (M2) on opening of the meninges allowing a direct view at the cortex and (3) a hippocampal measurement (M3) only in patients with TLE. The latter measurement is performed on removal of the temporal neocortex allowing a view of the hippocampus. At each time point, systolic and diastolic blood pressure, heart rate, pulse oxygen saturation, haemoglobin concentration and haematocrit are additionally recorded.
Glycocalyx measurements are performed using an SDF video microscope. The camera consists of a central light guide with a magnifying lens and concentric light emitting diodes. The diodes emit light at a wavelength of 530 nm, which is absorbed by (de)-oxyhaemoglobin in erythrocytes. Consequently, erythrocytes appear black on a greyish background. This technique has mainly been performed on the sublingual microcirculation but has previously been used for cerebral microcirculation assessment as well. [25] [26] [27] [28] [29] However, the glycocalyx was not measured in these studies. [25] [26] [27] [28] Recently, it was pointed out that SDF imaging, when combined with dedicated software, is the most suitable technique for clinical cerebrovascular glycocalyx visualisation. 12 In order to reduce user-induced variations, image acquisition is trained. Using a camera with low pressure, minimising movement artefacts and optimising light intensity and focus are of particular importance to further reduce variability.
The glycocalyx analysis is based on the principle of the erythrocyte-endothelial exclusion zone. Since erythrocytes do not significantly compress the glycocalyx, there is an exclusion zone between the red blood cell column (RBCC) and the endothelium. GlycoCheck software automatically selects ∼3000 microcirculatory vessel segments and measures the RBCC width at each segment. Based on the RBCC width distribution, the total perfused diameter (Dperf ) is assessed by linear regression analysis of the 25th and 75th RBCC width percentiles. 12 The perfused boundary region (PBR) is the outermost luminal part of the glycocalyx that is only slightly permeable for erythrocytes. This region is calculated in a two-dimensional plane as follows: PBR=(Dperf -median RBCC)/2. Since an unstable or damaged glycocalyx is more accessible to erythrocytes, an increased RBCC and, consequently, increased Dperf and PBR values signify a damaged glycocalyx. 29 
Outcome
The primary outcome of this study is cortical glycocalyx thickness in patients with TLE and controls. The thickness is estimated by measuring the PBR and the Dperf, both expressed in micrometres (µm).
As a secondary outcome, sublingual, cortical and hippocampal glycocalyx thickness in patients with TLE and controls are evaluated within and between groups. In addition, we aim to analyse the relation between these measures and epilepsy-specific risk factors (eg, febrile seizures, traumatic brain injury), seizure characteristics, drug use (eg, type of drugs, dosage) and histopathological outcome (eg, degree of hippocampal sclerosis, type of cortical dysplasia). Finally, glycocalyx thickness values will be correlated to general demographic (eg, age, gender, bodyweight, smoking status) and intraoperative clinical parameters.
Recruitment capacity, consent and timeline
We have calculated a sample size of 15 patients for each group, to be included over 4 years. At the MUMC+ and ZMC, all types of surgery required for inclusion are performed at least 15-20 times every year. Based on these surgery numbers, the likelihood to recruit the calculated sample size is high.
The study participants' timeline is outlined below and an overview is also given in figure 1. Mentally competent patients between 18 and 60 years of age.
Patients undergoing resective surgery as treatment of drug-resistant TLE with an epileptic focus, ie, located in a non-eloquent area.
Patients undergoing an elective craniotomy for intracranial tumour resection or neurovascular surgery, or undergoing burr hole surgery for tumour biopsy in a non-eloquent area.
Exclusion criteria
TLE, temporal lobe epilepsy.
Recruitment
Patients will visit the neurosurgical outpatient clinic preoperatively. During this visit, the neurosurgeon will ask the patients whether they are interested to take part in the study. If interested, they will receive the applicable patient information brochure (PIB). Within a few days, possible candidates will be informed more extensively by one of the investigators about the study objective, procedures, benefits, risks and insurance. Participation decisions will be inquired on the day of admission to the hospital. Patients are allowed at least 3 days to consider participation in the study, starting from the moment of receiving the PIB. Participation is voluntarily and does not affect standard treatment in any way. Patients will be informed that they can decide to end their participation in the study at any time. 2. Informed consent On the day of hospital admission, the patients' study participation is ultimately inquired. When patients agree on participation, the informed consent agreement will be signed in duplicate. 3. Data recording Following informed consent agreement, patient data will be recorded from the digital patient files. The digital patient files encompass the digital patient dossier at the MUMC+, ZMC and, when applicable, the file of the multidisciplinary epilepsy surgery workup. 4. Intraoperative measurements A total of two or three glycocalyx measurements will be performed, as described in the Intervention protocol section. All measurements are performed at the operating theatre when the patient is under general anaesthesia. The hippocampal measurement is solely performed in patients with TLE. 5. End of study Directly following the final measurements, that is, M2 in control patients and M3 in patients with TLE, patients have reached the end point of this study.
Population size
We have calculated a population size of 15 patients per group. This number is based on a power of 80% to detect a difference of cortical glycocalyx thickness of at least 12% between groups with an SD of 15%, at a significance level of 0.05 and an expected drop-out of two patients.
Since there is no literature on cerebrovascular glycocalyx thickness, we have reviewed and assessed the literature on variation in sublingual glycocalyx measurements. Intraindividual variation of sublingual glycocalyx thickness, assessed using SDF imaging, has been found to be ±5%. 30 A difference in PBR thickness of 9.6-12.5% with an SD of ±15% has been found relevant when comparing a disease state to healthy controls. [29] [30] [31] [32] On the basis of these studies, we have determined minimal glycocalyx difference and SD. Owing to the explorative nature of our study, clinical relevance of a 12% difference is indistinct.
Data processing Procedures
This study complies with the Declaration of Helsinki, and will be conducted in accordance with the principles of Good Clinical Practice (GCP). Standardised processing files for obtaining informed consent, measurement procedures, reporting (serious) adverse events (AEs), and recording patient and measurement data parameters in the electronic case report file (eCRF) are available. Investigators obtaining informed consent from the patient, performing glycocalyx measurements and recording eCRF data will receive specific training beforehand.
Data management
Patients' demographic and clinical data are recorded in an eCRF at a secure encrypted database (by Castor Electronic Data Capture (EDC)), which enables an audit trail and is GCP certified. Measurement procedures are trained and standardised as described in the Intervention protocol section. Measurement data are collected at a secure encrypted laptop and outcome is recorded in the eCRF. After verification of recorded data to source data by one of the executive investigators, recorded data in the eCRF by Castor EDC will be exported to an SPSS file for further statistical analysis.
Patients will be assigned an alphanumeric sequential study number to identify all clinical data. Patients' demographic data linked to the assigned study number are documented in a separate screening database held on a secure computer at both study sites. Source data, the code encrypting document and coded data in the study database are locked and only accessible to the principal and executive researchers and monitors. On completion of the study, the study database will be locked and data are securely archived for 15 years in accordance with local policy.
Owing to the nature and short participation time period of this study, we expect full patient retention and adherence.
Safety
The principal investigator (OEMGS) has overall responsibility for the conduct of this study including safety. Individual investigators will be responsible for reporting AEs and serious AEs (SAEs) to the principal investigator. SAEs are defined as AEs resulting in death, lifethreatening events, prolonged hospital stays or significant disability. There are no reported (S)AEs associated with the use of SDF imaging in the current literature. A possible attributable risk of glycocalyx measurement is sublingual, cortical or hippocampal contusion due to pressure on the tissue during the measurement. We deem risk frequency and severity as low. Moreover, cortical or hippocampal local contusion will take place in non-eloquent and to-be-resected tissue. Postoperative consequences due to this contusion are unlikely. All events are reviewed by the principal investigator to decide if there is a causal link and, when applicable, appropriate action will be undertaken. SAEs will be reported to the local medical ethical committee (METC azM/UM) according to local policy. Liability and subject insurance are provided.
Statistical analysis
Data are presented as mean and SD when normally distributed, and non-normally distributed data as median and IQR. Glycocalyx dimensions between groups are compared using the independent Student's t-test or the Mann-Whitney test, as appropriate. Correlation between sublingual and cortical, sublingual/cortical and hippocampal glycocalyx thickness is calculated by Pearson's or Spearman's correlation coefficient, when data are normally or non-normally distributed, respectively. In patients with TLE, the cortical and hippocampal glycocalyx thickness results are correlated to seizure characteristics, epilepsy risk factors, anti-epileptic drug usage and histological findings of pathological examination by using Pearson's or Spearman's correlation coefficient or univariate and multivariate regression analysis, as appropriate. Demographic and clinical parameters are correlated to glycocalyx thickness results by using univariate and multivariate regression analysis. A p value of <0.05 will be considered statistically significant. Statistical analysis is performed using SPSS software.
Interim analyses will be performed yearly and following data recording of five patients in each group. When a significant difference between the groups regarding the primary outcome is found, the study will be terminated prior to inclusion of 15 patients in each group. Interim analyses are reported to the local medical ethical committee.
Monitoring and auditing
This study was classified as minimal risk by the local data monitoring committee (Clinical Trial Center Maastricht (CTCM)). Monitoring visits include a review of consent and study procedures according to study protocols, source data and audit trail verification, and the review of (serious) AE reporting. Monitoring is independent and performed at least once a year. Monitor evaluations are reported to the local medical ethical committee. Unannounced audits can be performed by the audit team of the CTCM.
Ethics, amendments and dissemination
This research protocol has been approved by the local medical ethical committee (Medisch-ethische toetsingscommissie academisch ziekenhuis Maastricht/Maastricht University (METC azM/UM)) and has been assigned the following protocol ID: NL51594.068.14. Also, this study has been registered at the Netherlands National Trial Register (ID: NTR5568). The NTR is acknowledged by the WHO and International Committee of Medical Journal Editors (ICMJE).
Substantive protocol amendments will be reported, reviewed and approved by the METC azM/UM before application. In the currently presented protocol, a variety of substantive protocol amendments have already been incorporated. Substantive amendments were introduced due to lagging inclusion. The substantive amendments included extending the study by the addition of the ZMC as a study centre, enlarging the control group with burr hole tumour biopsy and patients with neurovascular surgery, and reducing sublingual measurements from three to one.
Results of this study will be evaluated yearly and following five participants in both groups. Results will be recorded using audit trails to increase reproducibility. Study protocol and results will be submitted to peer-reviewed journals and presented at international conferences.
DISCUSSION
Microvascular injury, in particular increased permeability of the wall of the cerebral microcirculation, seems to play a role in the transformation of astrocytes and increased seizure susceptibility in epilepsy. It is hypothesised that leakage of albumin orchestrates this transformation leading to a disturbed potassium and glutamate metabolism and extracellular cerebral homoeostasis. 7 8 Upregulation of proinflammatory cytokines as a response to leakage of leucocytes further contributes to the subsequent increased neuronal excitability. 9 However, it is still unclear why some patients do and some patients do not develop epilepsy following a first seizure. Heinemann et al have brought up the hypothesis that lasting dysfunction of the cerebral microcirculation results in dysregulation of the normal network response to injury, leading to the development of epilepsy. Therefore, they have emphasised the urgent need for non-invasive clinical visualisation of the cerebral microcirculation in order to evaluate local dynamical functioning and possible injury. 8 The glycocalyx is a significant component of the cerebral microcirculation and involved in the regulation of plasma cell adhesion, oxidative stress and shear stress reduction. 12 13 The glycocalyx is easily disrupted, that is, reduced in thickness. 17 Disruption is induced by local cytokine expression and ischaemia, and results in inflammation, oedema, oxidative stress and loss of vascular responsiveness. 12 Also, many vascular disease risk factors and specific diseases such as lacunar stroke, sepsis and renal failure are associated with decreased glycocalyx thickness. 29 33-36 The glycocalyx plays an important role in vascular wall permeability. Albumin extravasation is prohibited by the negatively charged glycocalyx, whereas leucocytes cannot attach to endothelial surface components including important cell-adhesion molecules, such as intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), that reside within the glycocalyx. As a consequence, leucocyte adhesion and extravasation is limited. Therefore, a disturbed glycocalyx is suspected to play a significant role in increased BBB permeability including albumin and leucocyte extravasation, as is seen in epilepsy.
Assessment of the cerebrovascular glycocalyx offers the opportunity to gain greater insights into its thickness and function at the level of the cerebral microcirculation. Advances in microcirculation imaging by hand-held SDF-based video microscopes enable real-time clinical assessment of the microcirculation. Several cerebral microcirculation parameters, but not the glycocalyx, have been evaluated using this technique. [25] [26] [27] [28] It was recently pointed out that SDF imaging is the most eligible technique when proper software is subjoined. 12 Using SDF imaging, we aim to visualise the cerebrovascular glycocalyx and measure its thickness in patients with TLE and controls. Subsequently, cerebrovascular glycocalyx dimensions are compared with sublingual dimensions to establish whether glycocalyx dimensions are regulated at a systemic level.
In this study, we will determine whether glycocalyx thickness is reduced in patients with TLE when compared with controls. The included patients with TLE have undergone a thorough examination and were selected by a multidisciplinary team. Naturally, genuinely healthy controls for intracranial cerebrovascular glycocalyx assessment are not available, making the selected patients the most suitable candidates as controls. Since an intact haemodynamic circulation is required for SDF imaging, postmortem patients cannot be included as controls.
The upper age cut-off of 60 years is included to reduce the influence of microcirculatory degeneration which is associated with increasing age. Since patients with tumours are, on average, older patients than patients with epilepsy, this could otherwise have been an important confounder. In order to limit the risk of vascular abnormalities of the visualised and assessed vessels, patients will only be included as controls when a noncompressed and/or non-oedematous cerebral cortex can be assessed during surgery. In the control group, the cortical measurements are performed at the furthest distance away from the abnormality, as is allowed by the craniotomy.
Typical pathological findings in TLE include hippocampal sclerosis characterised by neuronal cell loss, reactive astrogliosis, mossy fibre sprouting and granular cell dispersion. 5 Unfortunately, assessment of the hippocampal glycocalyx can only be performed in patients with TLE, as the hippocampus will rarely be exposed in the control subjects. Hippocampal glycocalyx thickness of patients with TLE will be compared with the cortical glycocalyx thickness and cannot be compared with hippocampal controls.
There are some important variables that could affect the glycocalyx thickness that are not directly assessed in this study. These variables concern haemodynamic variations, intravascular volume variations and the effect of different anaesthetics. Owing to the explorative nature of this study, we have not included these variables, although post-hoc analyses will be performed to determine confounding. Another reason for exclusion of these variables is that this would necessitate additional preoperative (awake) and intraoperative sublingual measurements of the glycocalyx. At first, these measurements were included in our study protocol. However, owing to anxiety for the preoperative measurement, and the risks for sterility of the surgery due to the intraoperative measurements, these sublingual measurements were excluded in an amendment (see the Ethics, amendments, and dissemination section). The possible effects of intraoperative haemodynamic variation and anaesthesia on glycocalyx thickness could, however, be an interesting future study. When clinically relevant differences in glycocalyx dimensions are found, future research to determine glycocalyx component variation, glycocalyx permeability determinants and mechanisms of disruption and repair is required. Subsequently, repair of the glycocalyx could be a selective and efficient, yet hypothetical, target for modification of increased BBB permeability. This would open a new field of pharmacological interventions for currently drug-resistant patients with epilepsy.
